Comparative retinal gene expression analysis in two rodent models of oxygen-induced retinopathy (OIR) was performed to identify the genes and pathways involved in retinal neovascularization. METHODS. Three independent experimental runs were conducted for each species, according to standard protocols for induction of OIR. Total retinal RNA was isolated at two time points, corresponding to the early response to relative hypoxia (P13 in mouse, P15 in rat) and to the later phase of maximum retinal neovascularization (P18 in mouse, P20 in rat) and was used to prepare labeled probes for hybridization. Gene expression was compared between normal and experimental conditions for each species at each time point. Probesets with a false-discovery rate of Յ0.05 were considered significantly different and were classified as cellular functions or biological pathways. Changes in expression of selected genes were confirmed by quantitative rtPCR. RESULTS. At the early time point, there were changes in 43 genes in each species, with two in common. Increased expression of members of the VEGF and ephrin receptor signaling pathways were identified in both models. At the later time point, there were changes in 26 genes in the rat and in 1622 in the mouse, with 13 in common. Four pathways were identified in both models. CONCLUSIONS. Genes and pathways known to be involved in angiogenesis, as well as other biologically plausible genes and pathways, were identified. This work serves as a comprehensive resource for the study of retinal neovascularization and identification of potential rational targets for antiangiogenic therapy. (Invest Ophthalmol Vis Sci. 2010;51:1098 -1105) DOI:10.1167/iovs.09-4006 R etinal neovascularization is the final common pathway of numerous blinding disorders and comprises a complex cascade of molecular and cellular processes. It is hoped that elucidation of the molecular mechanisms underlying pathologic neovascularization will ultimately allow the identification of targets for pharmacologic therapy. To date, vascular endothelial growth factor (VEGF) has attracted the most attention, and its biological role has been validated by clinical response after pharmacologic inhibition of its activity. However, laboratory and clinical observations support the involvement of factors other than VEGF in both normal retinal vasculogenesis and retinal neovascularization. Several robust animal models have been validated for the in vivo study of retinal neovascularization and for testing of antiangiogenic therapies. Most commonly used among these are two rodent models (rat and mouse) of oxygen-induced retinopathy (OIR). In both models, exposure of the developing retina to fluctuations in oxygen results in a predictable course of retinal avascularity immediately after removal to room air, followed several days later by preretinal neovascularization.
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etinal neovascularization is the final common pathway of numerous blinding disorders and comprises a complex cascade of molecular and cellular processes. It is hoped that elucidation of the molecular mechanisms underlying pathologic neovascularization will ultimately allow the identification of targets for pharmacologic therapy. To date, vascular endothelial growth factor (VEGF) has attracted the most attention, and its biological role has been validated by clinical response after pharmacologic inhibition of its activity. However, laboratory and clinical observations support the involvement of factors other than VEGF in both normal retinal vasculogenesis and retinal neovascularization. 1 Several robust animal models have been validated for the in vivo study of retinal neovascularization and for testing of antiangiogenic therapies. Most commonly used among these are two rodent models (rat and mouse) of oxygen-induced retinopathy (OIR). In both models, exposure of the developing retina to fluctuations in oxygen results in a predictable course of retinal avascularity immediately after removal to room air, followed several days later by preretinal neovascularization. 2, 3 Over the past decade, the use of cDNA microarrays has facilitated the identification of individual genes and pathways involved in myriad biological processes. 4 The advantage of such highthroughput analysis is the opportunity to compare gene expression between different cells, tissues, or physiological conditions. Disadvantages include the challenges of interpretation given the voluminous data and the potential for a high incidence of irrelevant expression changes (background noise).
In an effort to identify additional factors involved in retinal neovascularization, we used microarrays to perform comparative gene expression analysis of whole retinal RNA from both rats and mice with oxygen-induced retinopathy (OIR). For each model, gene expression was compared between normal and experimental conditions at each of two time points, corresponding to the early angiogenic response to relative hypoxia and to the later phase of maximum retinal neovascularization. It was hoped that this approach would yield more credible and biologically relevant data by identifying the commonalities from independent models with a similar phenotype.
MATERIALS AND METHODS

Animals
Experiments involving animals were approved by the Vanderbilt University Institutional Animal Care and Use Committee and were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animals were maintained in fluorescent lighting of 80 lux on a 12-hour light/dark cycle. Litters of Sprague-Dawley rat pups and nursing dams were maintained in environments of either variable oxygen (OIR rats) or room air (control rats). The OIR rats were placed with mothers in infant incubators within 4 hours after birth and exposed to alternating 24-hour periods of 50% oxygen and 10% oxygen for 14 days, whereupon they were removed to room air. Age-matched control animals were reared simultaneously in room air from birth. Seven days after birth (postnatal day [P]7), litters of C57BJ/6L wild-type mice were exposed to 75% oxygen for 5 days until P12, whereupon they were transferred to room air (OIR mice). Age-matched control animals were reared simultaneously in room air. Three independent experimental runs were conducted for each species.
Isolation of Retinal RNA and Assessment of Quality
OIR and control rats were killed at P15 or P20, and OIR and control mice were killed at P13 or P18. Retinas from two eyes of each group were removed, pooled, and immediately frozen in liquid nitrogen. Total RNA was purified (1 mL Trizol reagent; Invitrogen, Carlsbad, CA, and RNeasy Mini kit; Qiagen, Valencia, CA) according to the manufacturers' recommended protocols. All RNA was kept at Ϫ80°C until used for microarray hybridization or real-time (rt)PCR. RNA concentration was assessed with a spectrophotometer (NanoDrop 1000; Thermo Scientific, Waltham, MA). All RNA samples were assessed for integrity with a bioanalyzer (Agilent Technologies, Palo Alto CA).
Microarray Hybridization
For quality control, total RNA (1.5 g, at a concentration of Ͼ0.7 g/L) was used to prepare labeled probes for microarray analysis with a one-cycle protocol (Affymetrix, Inc., Santa Clara, CA) and hybridized to one of two gene chips (Rat Genome 230 2.0 or Mouse Genome 430 2.0; Affymetrix, Inc.).
Statistical Analysis
After acquisition, each species group was analyzed separately (Genomics Suite ver. 6.4; Partek Inc., St. Louis, MO). All data were RMA (robust multiarray) normalized. 5 Analysis of variance (ANOVA) was performed between each group of interest, accounting for any batch effects caused by different preparation dates. Probesets with a BenjaminiHochberg step-up false-discovery rate of Յ0.05 were considered significantly different. 6 Comparisons of gene expression between the following four sets of conditions were loaded into analysis software (Pathway Analysis [IPA]; Ingenuity Systems, Redwood, CA) to classify results In the interest of saving space, only the 10% of mouse genes with the lowest step-up P-values are included.
Confirmation of Changes in Gene Expression by rtPCR
Changes in expression of selected genes (apln, esm1, and egln3) were confirmed by quantitative rtPCR. These three genes code for the proteins apelin, endothelial-specific molecule-1 (endocan), and EGL-nine homolog-3, respectively. These three were chosen because they are common to both species and are thought to have a role in angiogenesis. Gene-specific primers (TaqMan; Applied Biosystems, Inc.
[ABI], Foster City, CA) were used, and b-actin was used a reference gene. Gene expression was measured in OIR and control rat retinas at P15 and P20 and in OIR and control mouse retinas at P13 and P18. The source of the RNA was pooled retinas from the eyes of three animals that had been part of previous experimental runs. The 
RESULTS
Changes in Gene Expression
For each species, gene expression in OIR and control animals was compared with each other at an early time point and compared with each other at a late time point. This design yielded four comparisons: (1) rat early phase (P15 OIR vs. P15 control); (2) rat late phase (P20 OIR vs. P20 control); (3) mouse early phase (P13 OIR vs. P13 control); and (4) mouse late phase (P18 OIR vs. P18 control). Genes for which any change in expression (as little as 1.1-fold up or down) was consistently seen among the multiple experimental runs (corrected P Ͻ 0.05) were deemed significant. In the interest of space, only genes showing a change of 1.7-fold or more are included in Tables 1 and 2 . This arbitrary cutoff of expression change was decided on for the following reasons: Previous microarray studies of retinal gene expression have used cutoffs ranging from 1.5-to 2.0-fold 8 -10 ; and preliminary review of the rat and mouse data suggested that the expression changes of known mediators of angiogenesis (e.g., vascular endothelial growth factor, angiopoietin, platelet-derived growth factor) were ϳ1.7-fold.
In P15 OIR rats (Table 1) , a significant change in expression was seen in 43 known genes, 21 predicted genes, and 23 ESTs (expressed sequence tags), when compared with that in P15 control rats. Among the known genes, expression increased in 9 (change ranging from ϩ1.1-to ϩ2.5-fold) and decreased in 34 (change ranging from Ϫ1.1-to Ϫ3.2-fold).
In P13 OIR mice (Table 1) , a significant change in expression was seen in 43 known genes and 10 ESTs, when compared with that in the P13 control mice. Among the known genes, expression was increased in 34 (ϩ1.1-to ϩ5.4-fold) and decreased in 9 (Ϫ1.1-to Ϫ3.3-fold).
In P20 OIR rats (Table 2 ), significant change in expression was seen in 26 known genes, 4 predicted genes, and 7 ESTs, when compared with P20 control rats. Among the known genes, expression was increased in 20 (ϩ1.3-to ϩ3.9-fold) and decreased in 6 (Ϫ1.2-to -2.5-fold).
In P18 mice (Table 2) , a significant change in expression was seen in 1622 known genes and 322 transcribed loci or ESTs, when compared with that in P18 control mice. Among the known genes, expression was increased in 933 (ϩ1.1-to 34.1-fold) and decreased in 689 (Ϫ1.1-to Ϫ2.6-fold). In the interest of space, only the 10% of mouse genes with the lowest step-up P-values (Յ 0.003 for upregulated genes and Յ 0.005 for downregulated genes) are included in Table 2 .
All genes showing any statistically significant change in expression (1.1-fold or more) were compared between the two species, to identify common changes. At the early time point (P15 in rat and P13 in mouse), expression of one gene, EGL nine homolog 3 (egln3), was increased in both species. Expression of one gene, ATP-binding cassette, subfamily C, member 9 (abcc9), was decreased in both species (Table 3) .
At the later time point (P20 in rat and P18 in mouse), expression of 13 known genes (angpt2, apln, casp1, cp, cxcr4,  egln3, esm1, il2rg, mcam, pfkp, pdgfra, col2a1, and unc5b) was significantly increased in both species. No gene showed consistently decreased expression in both species.
When gene expression was compared within each OIR model, 163 genes showed some magnitude of significant change in the rat and the mouse (98 were increased at the later time point and 65 were decreased). Twenty-nine genes showed a change of at least 1.7-fold in both models, with 24 increasing and 5 decreasing (Table 4) .
Pathway Analysis
Genes showing significant changes in expression of any magnitude at each of the four conditions were further analyzed (Pathway Analysis software; Ingenuity). From the early time points, 12 distinct pathways were identified in the rat and 15 distinct pathways the mouse (Table 5) . Two pathways were common to both species: ephrin receptor signaling and VEGF signaling. From the late time points, 5 distinct pathways were identified in the rat and 48 in the mouse. Four pathways were common to both species: amyotrophic lateral sclerosis (ALS) signaling, axonal guidance signaling, ephrin receptor signaling, and hepatic fibrosis/hepatic stellate cell activation.
Pathway analysis of all genes showing significant change during the course of OIR identified 27 common pathways with a P Ͻ 0.05: 14-3-3 signaling, androgen signaling, axonal guidance signaling, CCR3 signaling in eosinophils, chemokine signaling, CREB signaling in neurons, CXCR4 signaling, ephrin receptor signaling, ERK/MAPK signaling, fMLP signaling in neutrophils, germ cell-Sertoli cell junction signaling, glioma signaling, glutamate receptor signaling, GM-CSF signaling, GNRH signaling, adrenergic signaling, IL-15 signaling, IL-8 signaling, leukocyte extravasation signaling, melatonin signaling, molecular mechanisms of cancer, nicotinate and nicotinamide me- tabolism, reelin signaling in neurons, renin-angiotensin signaling, semaphoring signaling in neurons, synaptic long-term potentiation, and tight junction signaling. Of these, 11 pathways were significant to a level of P Ͻ 0.01 (Table 6 ).
Confirmation of Changes in Gene Expression by rtPCR
Quantitative rtPCR was performed for three selected genes with expression that was significantly increased at the later time point in both species: apln, esm1, and egln3. For each gene, the increased expression initially suggested by microarray analysis was confirmed by rtPCR (Table 7) .
DISCUSSION
The purpose of this in vivo study was to identify specific genes and pathways involved in retinal angiogenesis. We thought that the most rigorous approach to this end would be to use two different animal models with a similar phenotype, to identify common pathogenic mechanisms. Both the rat and mouse models of retinal neovascularization (OIR) have been validated as experimental systems for studies of pathophysiology as well as preclinical drug development. In both models, fluctuations in oxygen lead to a phenotypically similar, reproducible progression from retinal avascularity to preretinal neovascularization. This well-defined progression represents the presumed early angiogenic response to ischemia and later vasoproliferative phases of angiogenesis, seen clinically in disorders such as retinopathy of prematurity and diabetic retinopathy. In our experimental design, therefore, we also chose two distinct time points, corresponding to these two possibly distinct processes. Data sets from both models were subjected to identical statistical analysis and compared, to identify common genes and pathways (Tables 1-6 ). At the early time point, two pathways (ephrin receptor signaling and VEGF signaling) were identified in common. At the later time point, four pathways (ALS signaling, axonal guidance signaling, hepatic fibrosis/stel- late cell activation, and ephrin receptor signaling) were identified in common. The identification of the VEGF signaling pathway, probably the most studied of all angiogenic pathways, serves as an internal control and lends support to the validity of our approach. Analysis of gene changes during the course of OIR (Tables 4, 6 ) provide insight into an angiogenic switch and may offer targets of early intervention to prevent neovascularization. Just as careful investigation and pharmacologic targeting of the VEGF pathway have provided novel treatments, it is conceivable that further investigation of other pathways identified herein may yield new therapeutic options. Of interest, few common genes and pathways were identified from the earlier time point (corresponding to the early angiogenic response to ischemia). This discrepancy is not surprising, given the physiologic differences at this early time point between the two models. These differences include, but are not limited to, differences in oxygen tension (PaO 2 of ϳ500 mm Hg in the mouse versus ϳ200 mm Hg in the rat), differences in the primary vascular net (virtually complete in the mouse versus incipient in the rat), differences in oxygen delivery (sustained hyperoxia in the mouse, compared with regular cycling in the rat), as well as possible species-specific reactive mechanisms. The later neovascular response, by contrast, appears to invoke more common pathways.
We identified genes and pathways already targeted by biologics in clinical trials, genes and pathways known to be involved in retinal angiogenesis, and genes with biological plausibility. For example, monoclonal antibodies and aptamers directed against various aspects of VEGF signaling are commonly used in clinical practice or in various phases of clinical trials for the treatment of proliferative retinopathies and neovascular age-related macular degeneration. Inhibition of platelet-derived growth factor signaling has been shown to reduce pathologic retinal neovascularization 11 and is currently under clinical study for the treatment of neovascular age-related macular degeneration (clinicaltrials.gov number NCT00569140). Ephrin signaling and angiopoietin 2 have been implicated in both normal retinal vasculogenesis 12, 13 and pathologic neovascularization. 14, 15 Genes with biological plausibility include (1) egln3, which codes for an intracellular prolyl hydroxylase involved in the cellular response to hypoxia by regulation of the transcription factor HIF-␣ 16 ; (2) apln, which codes for apelin, a cytokine known to be necessary for cardiovascular development and mitogenic for retinal endothelial cells 17, 18 ; and (3) esm1, which codes for endocan, a proteoglycan associated with vascular endothelial growth and tumorigenesis. 19, 20 A potential limitation of this study, as with any microarray analysis, is the choice of approach for data interpretation and statistical analysis. Approaches differ by methods of data normalization, thresholds for significance of change in gene expression, or level of statistical significance. A single approach is unlikely to be optimal for all experimental systems. In this study, we sought to emphasize consistency of change (across three independent replicates), by testing all probesets with ANOVA, rather than simply selecting for a high degree of change in expression. Even with this approach, it is possible that we excluded genes (such as transcription factors) that may exert profound downstream effects with little change in expression or genes with a rapid turnover that precludes adequate detection.
It is conceivable that many of the identified genes, especially those identified at the early time point, are not specific to angiogenesis, but represent instead a nonspecific stress response. In addition, since both models rely on extreme manipulations of oxygen for their phenotype, there may be a bias toward oxygen-sensitive genes or oxygen-related mechanisms of neovascularization. To determine whether there is such a bias, a similar experimental paradigm could be applied with other models of neovascularization, 21, 22 to delineate oxygen-specific mechanisms and concerted angiogenic pathways.
In summary, we present detailed data designed to serve as a resource for the further study of normal retinal development, angiogenesis, and therapeutics. Comparative gene analyses using two distinct animal models have identified plausible angiogenic pathways, as well as novel aspects of known angiogenic pathways. It is hoped that this work will help guide future investigations into basic mechanisms of retinal angiogenesis, as well as identification of rational therapeutic targets.
